Abstract Posttranslational modifications are crucial mechanisms that modulate various cellular signaling pathways, and their dysregulation is associated with many human diseases. Spinocerebellar ataxia type 1 (SCA1) is a dominantly inherited neurodegenerative disease characterized by progressive ataxia, mild cognitive impairments, difficulty with speaking and swallowing, and respiratory failure. It is caused by the expansion of an unstable CAG trinucleotide repeat encoding a glutamine tract in Ataxin-1 (ATXN1). Although the expansion of the polyglutamine tract is the key determinant of the disease, protein domains outside of the polyglutamine tract and posttranslational modifications of ATXN1 significantly alter the neurotoxicity of SCA1. ATXN1 undergoes several posttranslational modifications, including phosphorylation, ubiquitination, sumoylation, and transglutamination. Such modifications can alter the stability of ATXN1 or its activity in the regulation of target gene expression and therefore contribute to SCA1 toxicity. This review outlines different types of posttranslational modifications in ATXN1 and discusses their potential regulatory mechanisms and effects on SCA1 pathogenesis. Finally, the manipulation of posttranslational modifications as a potential therapeutic approach will be discussed.
Introduction
Posttranslational modifications contribute to the structural and functional diversity of proteins through the addition of functional groups such as phosphate, acetate, or various small proteins or lipids [1] . They control protein activity, turnover, localization, and interactions, which in turn regulate a wide variety of signaling pathways. Posttranslational modifications are implicated in many human disorders, including neurodegenerative diseases, because of their pivotal roles in cellular processes [2] . Spinocerebellar ataxia type 1 (SCA1, MIM #164400) belongs to a group of diseases caused by the expansion of an unstable CAG trinucleotide repeat encoding a glutamine tract. This family of diseases includes at least nine inherited neurodegenerative disorders, the so-called polyglutamine diseases: Huntington's disease (HD), spinal and bulbar muscular atrophy (SBMA), dentatorubropallidoluysian atrophy (DRPLA), and six autosomal dominant spinocerebellar ataxias (SCA1, 2, 3, 6, 7, and 17) [3, 4] . SCA1 is caused by the expansion of a polyglutamine tract in ATXN1. The normal ATXN1 alleles in unaffected individuals contain between 6 and 42 CAG repeats, which are usually interrupted by one to four CAT trinucleotides when the number of CAG repeats exceeds 20. By contrast, SCA1-affected individuals have an uninterrupted pure CAG tract ranging from 39 to 83 repeats. SCA1 is characterized by progressive ataxia, cognitive impairments, difficulty with speaking and swallowing, and respiratory failure. The clinical and pathological features of SCA1 result from the degeneration of cerebellar Purkinje cells (PCs), brainstem cranial nerve nuclei, the inferior olive, and spinocerebellar tracts [4] .
The polyglutamine tract expansion is the central cause of the disease [5, 6] . In general, longer glutamine tract repeat lengths will result in more severe symptoms and an earlier age of onset of the disease. However, SCA1 pathology does not solely depend on the polyglutamine tract. The polyglutamineexpanded ATXN1 does not induce disease phenotypes in the absence of nuclear localization signals [7] , the AXH (ATXN1-HBP1) domain [8] , or phosphorylation at serine 776 [9] ( Fig. 1) . Therefore, it is clear that the protein context and posttranslational modifications of ATXN1 can influence the neurotoxicity of SCA1. This review outlines diverse posttranslational modifications of ATXN1 and discusses their impact on the pathogenesis of SCA1 (Fig. 2) .
Phosphorylation of ATXN1
Phosphorylation is the addition of a phosphate group to a protein and is a reversible posttranslational modification [1] . Protein phosphorylation plays a major role in a broad range of cellular processes and often alters the function and activity of a protein. In ATXN1, there are at least seven phosphorylation sites identified in vivo [10] . Among them, phosphorylations at the serine 776 (S776) and 239 (S239) residues are suggested to play key roles in SCA1 pathogenesis (Fig. 2 ).
S776 Phosphorylation in SCA1 Pathogenesis
S776 was the first endogenous phosphorylation site in ATXN1 identified by mass spectrometry analysis [9] . Extensive in vivo studies in mice show the importance of ATXN1-S776 phosphorylation in the pathogenesis of SCA1. A transgenic mouse (called SCA1-B05) that expresses a polyglutamine-expanded mutant form of human ATXN1 with 82 glutamines (ATXN1[82Q]) under a PC-specific driver (the Pcp2 promoter) develops progressive ataxia and PC degeneration that resembles the features of human SCA1 [11, 12] . By contrast, mice expressing a polyglutamine-expanded mutant ATXN1 with a phosphorylation-defective amino acid substitution at residue 776 (A776, serine to alanine substitution) do not develop neurotoxicity, despite the presence of the polyglutamine-expanded ATXN1 protein [9] 30 % in comparison to that of the wild-type mice at 37 weeks, without any PC loss or heterotopia. Therefore, this study clearly demonstrates the importance of ATXN1-S776 phosphorylation in the pathogenesis of SCA1. A subsequent study by Duvick et al. (2010) further supports the notion of the critical role of ATXN1-S776 phosphorylation in SCA1 neurotoxicity [13] . To study the importance of S776 phosphorylation in normal ATXN1 function and SCA1 pathology, this group generated a new SCA1 transgenic mouse that overexpresses a wild-type form of ATXN1 (ATXN1[30Q]) with a phosphorylationmimicking substitution at residue 776 (serine to aspartic acid substitution, D776) under the same PC-specific promoter [13] . ATXN1[30Q]-D776 mice show PC atrophy, a reduction in climbing fiber innervation, and impaired motor performance in the rotating-rod analysis; these observations are similar to those seen in the ATXN1[82Q]-S776 animals. This study is consistent with the notion that S776 phosphorylation in ATXN1 is important for SCA1 pathogenesis. It also raises the question of whether expansion of the polyglutamine tract induces neurotoxicity simply by increasing the phosphorylation level at S776 in ATXN1. Lim et al. (2008) previously investigated this possibility, however, and found that there was no enhancement in the S776 phosphorylation of ATXN1 by polyglutamine expansion [14] . Therefore, it is reasonable to predict that expansion of the polyglutamine tract in the Nterminal region of ATXN1 may alter the conformation of the protein, and that this altered protein conformation may also be induced by S776 phosphorylation in ATXN1.
It is worth mentioning that although the ATXN1[30Q]-D776 and ATXN1[82Q]-S776 mice display similar neuropathology during the earlier stages of development, the ATXN1[30Q]-D776 mice fail to induce PC death at the later stages [13] . This suggests that phosphorylation at S776 is critical for the induction of neuronal dysfunction and disease initiation, while an expanded polyglutamine tract is required Although it is clear that phosphorylation of S776 in ATXN1 plays a substantial role in SCA1 pathogenesis in vivo, the molecular mechanisms underlying the effects of ATXN1-S776 phosphorylation on SCA1 pathogenesis are not fully understood. Nonetheless, a growing body of evidence supports the idea that phosphorylation at S776 regulates ATXN1 protein stability and its interactions with other cellular proteins. In this regard, there are at least five proteins known to interact with ATXN1 either directly via the phosphorylated S776 residue itself, or indirectly by interactions that are influenced by the phosphorylation state of S776. These include the cellular signaling protein family 14-3-3 [15] , the transcriptional factors Capicua (CIC) [16] and myocyte enhancer factor 2 [17] , and the splicing factors RNA-binding motif protein 17 (RBM17) [14] and U2AF65 [18] .
14-3-3 proteins were the first proteins to be identified as ATXN1 interactors that depend on the phosphorylation state of S776 [15] . They are a family of highly conserved proteins that bind to phospho-serine-containing motifs in target proteins and regulate many intracellular signal transduction pathways that are essential for differentiation, development, growth, apoptosis, and survival [19] . As phosphopeptidebinding proteins, 14-3-3 proteins only interact with S776-phosphorylated (pS776) ATXN1, and their interaction is enhanced by the expansion of the polyglutamine tract in ATXN1 [15] . The primary outcome of this interaction is the stabilization of ATXN1 proteins. The binding of 14-3-3 to ATXN1 prevents the dephosphorylation of pS776 and protects AT XN1 fr om subsequent pr ot eolysi s [ 20] . The phosphorylation-mimetic ATXN1 (ATXN1-D776) is unable to bind 14-3-3, but is as stable as pS776-ATXN1 [18, 20] . This suggests that 14-3-3 may stabilize ATXN1 indirectly by protecting the phosphorylation at S776, rather than by the direct physical interaction itself. Moreover, 14-3-3 proteins act as cytoplasmic anchors that control the subcellular (5) Transglutamination may also promote aggregation formation of ATXN1 proteins by cross-linking them distribution of ATXN1, which is critical for SCA1 pathogenesis. The 14-3-3 binding site of ATXN1 (amino acid 774-776) overlaps with the nuclear localization signal (amino acid 771-776) (Fig. 1) . Thus, the interaction of 14-3-3 proteins with ATXN1 may prevent ATXN1 from entering the nucleus by masking the nuclear localization signal [20] . The overexpression of 14-3-3 is shown to increase the toxicity of the polyglutamine-expanded ATXN1 in Drosophila [15] . Transgenic flies expressing a polyglutamine-expanded mutant ATXN1 in the Drosophila eye displayed severe retinal degenerative phenotypes, and co-expression of the 14-3-3 epsilon isoform with the mutant ATXN1 strongly enhanced retinal degeneration. Consistent with this, reduced expression of 14-3-3 ameliorates diverse disease symptoms in SCA1 knock-in mice [21] . Specifically, loss of one copy of the 14-3-3 epsilon isoform reduced the steady state levels of the ATXN1 protein in the cerebellum and rescued the cerebellar pathology and motor behavior phenotypes of SCA1 knock-in mice. These results indicate that the phosphorylation state of S776 in ATXN1 is critical for 14-3-3 binding, which leads to ATXN1 stabilization and SCA1 toxicity.
There are several reports suggesting that ATXN1 forms at least two independent large protein complexes: one containing the transcriptional factor CIC and the other containing the splicing factor RBM17 [14, 16, 21, 22] . In the normal mouse cerebellum, the majority of ATXN1 proteins form stable large protein complexes containing CIC [16] . Lam et al. (2006) found that ATXN1 interacts with CIC through the AXH domain, and S776-phosphorylation does not directly affect its interaction with CIC in cell culture systems. However, the phosphorylation state of S776 is required for the formation or maintenance of ATXN1/CIC-containing complexes in the mouse cerebellum in vivo. This concept is supported by the finding that the non-phosphorylated, and thus non-pathogenic form of ATXN1, ATXN1[82Q]-A776, does not incorporate into a large protein complex containing CIC. This also indirectly suggests that ATXN1 must incorporate into a CICcontaining large protein complex to be toxic [16] . Consistent with this, reducing the CIC expression levels also decreases the steady state levels of the mutant ATXN1 protein and suppresses the SCA1 disease features in mice [23] . These studies indicate that the phosphorylation state of S776 indirectly influences ATXN1-CIC complex formation, which is required for the stabilization or maintenance of the ATXN1 protein and the induction of SCA1 neurotoxicity.
Besides the ATXN1/CIC-containing large complexes, as aforementioned, ATXN1 forms another large protein complex containing the splicing factor RBM17. Interestingly, the interaction between ATXN1 and RBM17 is directly dependent on the phosphorylation state of ATXN1-S776 [14] . Furthermore, the interaction between the two proteins is strongly enhanced by the expansion of the polyglutamine tract in ATXN1. Therefore, the formation of ATXN1/RBM17-containing complexes is increased by at least two key pathogenic factors of SCA1, and is relatively more dynamic than the ATXN1/CICcontaining complexes [13, 14] . Overexpression of RBM17 augments the toxicity of the polyglutamine-expanded ATXN1 in Drosophila, while reduced expression of RBM17 suppresses it [14] . This study supports a model in which aberrantly enhanced formation of the ATXN1-RBM17 complexes contributes to SCA1. Unfortunately, the importance of the ATXN1-RBM17-containing complexes on SCA1 neurotoxicity in mice still remains to be elucidated. As there might be a potential fundamental difference between Drosophila and mouse models of SCA1, current data cannot rule out the possibility that the polyglutamine-expanded mutant ATXN1 instead interacts with and inhibits RBM17 activity in a dominant-negative fashion in the mouse cerebellum in vivo.
The S776 residue, and perhaps its phosphorylation, also influences the interaction of ATXN1 with other proteins, such as U2AF65 [18] and myocyte enhancer factor 2 (MEF2) [17] . ATXN1 interacts with and influences the cellular functions of U2AF65, a constitutive component of the spliceosome. Thus, ATXN1 may have an effect on U2AF65-mediated splicing. MEF2 is a transcription factor that regulates neuronal development, synaptic plasticity, and survival [24] . Specifically, normal function of MEF2 is responsible for neuronal survival, whereas its inhibition contributes to neuronal death. MEF2 is known to be highly expressed in the cerebellum, cerebral cortex, and hippocampus, and deregulation of MEF2 activity is associated with neurodegenerative diseases. ATXN1 binds to MEF2 and suppresses its transcriptional activity, whereas the ATXN1-A776 mutant shows a strongly reduced interaction with MEF2 and fails to inhibit MEF2-dependent transcription [17] . Moreover, overexpression of MEF2 partially alleviates the cytotoxicity caused by the polyglutamineexpanded ATXN1 in transfected cell lines [17] . This study suggests that the polyglutamine-expanded mutant ATXN1 inhibits the neuronal survival function of MEF2, and that S776 phosphorylation appears to be a key player in this event. Taken together, the phosphorylation state of S776 in ATXN1 is a key regulator that controls the physical interaction of ATXN1 with its diverse binding partners and thereby modulates neurotoxicity in SCA1.
Regulation of S776 Phosphorylation: Kinases and Phosphatases
It is of great importance to identify the kinases and phosphatases that are responsible for S776 phosphorylation in ATXN1. Several kinases have been predicted to recognize the sequences surrounding the S776 residue of ATXN1 (KRRWSAP) [25] . An initial study using tissue culture systems and Drosophila models of SCA1 suggested that AKR mouse thymoma (Akt) was the kinase responsible for ATXN1-S776 phosphorylation [15] . However, a later study proposed that cyclic AMP-dependent protein kinase (PKA), not Akt, is the kinase that phosphorylates ATXN1-S776 in the mouse cerebellum in vivo [25, 26] . This finding was based on the following observations: (1) PKA co-fractionates with the peak of ATXN1-S776 phosphorylation by gel-filtration chromatography. (2) Immunodepletion of PKA from cerebellar extracts significantly reduces the phosphorylation state of ATXN1-S776. (3) Treatment with a PKA inhibitor decreases the levels of ATXN1-S776 phosphorylation. (4) Activation of PKA by forskolin treatment enhances ATXN1-S776 phosphorylation in cultured cells and induces the degeneration of PCs in slice cultures. Furthermore, the dopamine receptor D2 (DRD2) signaling pathway is suggested to act upstream of PKA in SCA1 [26] . The expression level of DRD2 is reduced in the cerebellum of SCA1 transgenic mice (B05) [27] . This decrease in DRD2 could theoretically prevent cyclic adenosine monophosphate (cAMP) synthesis, leading to the activation of PKA activity and the subsequent increase in ATXN1-S776 phosphorylation. In contrast, inhibition of Akt either genetically, by expressing a dominant-negative form of the kinase, or pharmacologically, by treatment with an Akt inhibitor, does not decrease ATXN1-S776 phosphorylation in the mouse cerebellum [25] . Thus, these lines of evidence strongly support the idea that PKA is a kinase that phosphorylates ATXN1 at S776 in vivo in the mouse cerebellum.
A recent genome-wide RNA interference screen targeting human kinases identified the RAS-MAPK-MSK1 signaling pathway as a modulator of ATXN1 protein levels and SCA1 toxicity [28] . Decreasing the expression levels of components of this signaling pathway reduced ATXN1 protein levels and suppressed the retinal degeneration induced by the polyglutamine-expanded ATXN1 in Drosophila. Furthermore, pharmacological inhibition of the RAS-MAPK-MSK1 pathway decreases ATXN1 levels in both cell culture systems and mouse cerebellar slice cultures. It was therefore suggested that the kinase MSK1 could also phosphorylate the S776 residue of ATXN1. In support of this hypothesis, MSK1 phosphorylates ATXN1 at S776 in in vitro kinase assays and stabilizes the ATXN1 protein in transfected cells. Moreover, the loss of Msk1 decreases mutant ATXN1 (ATXN1[154Q]) levels and is able to rescue the behavioral and pathological phenotypes observed in SCA1 knock-in mice. Collectively, these data support the idea that MSK1 is another kinase that is able to target ATXN1 at S776 in vivo.
In contrast to kinases, phosphatases remove a phosphate group from a protein and are therefore also crucial for the regulation of protein phosphorylation. Protein phosphatase 2A (PP2A) was identified as a potential ATXN1-pS776 phosphatase in the cerebellum by a glutathione S-transferase (GST) pull-down assay [20] . PP2A dephosphorylates ATXN1-pS776 and knockdown of PP2A expression increases the amount of ATXN1-pS776 in transfected cells in vitro. In the mouse cerebellum in vivo, immunodepletion of PP2A reduces the ability of cerebellar extracts to dephosphorylate the endogenous ATXN1-pS776. Collectively, these data support the hypothesis that PP2A is a phosphatase for pS776 in ATXN1 in the mouse cerebellum. Dephosphorylation of ATXN1 at S776 is restricted to the nucleus of cerebellar cells [20] . This compartmentalization can be explained by the fact that ATXN1-pS776 interacts with14-3-3 proteins in the cytoplasm, blocking dephosphorylation of pS776 by PP2A. The addition of synthetic peptides that specifically bind to 14-3-3 proteins to cerebellar cytoplasmic extracts can release this inhibitory effect of 14-3-3 proteins and promote the dephosphorylation of pS776. Interestingly, a recent study suggests that there is a much more complex cross talk between ATXN1 and PP2A [29] . Sanchez et al. (2013) shows that the polyglutamine-expanded ATXN1 dramatically increases PP2A activity in the cerebellum of SCA1 mice by decreasing the inhibitory phosphorylation of the catalytic subunit of PP2A and by downregulating the expression levels of ANP32A (acidic leucine-rich nuclear phosphoprotein 32 family, member A), which is a potent and selective PP2A inhibitor. This suggests that ATXN1 is both a substrate and a regulator of PP2A. In addition, PKA is known to phosphorylate and activate PP2A, introducing further avenues of positive and negative regulation in this phosphorylation of ATXN1 [30] .
It is worth mentioning that knockdown or depletion of ANP32A expression using siRNA or knockout mouse approaches reverses some of the SCA1 phenotypes in vitro as well as in vivo [31] . Besides its role as a PP2A inhibitor, however, ANP32A also acts a modulator of transcription and cytoskeleton remodeling by inhibiting histone acetyltransferases and interacting with the microtubule-associated protein MAP1B, respectively [32, 33] . Therefore, the role of ANP32A in SCA1 pathogenesis should be carefully evaluated given its multiple cellular functions.
Overall, there exists a complex interplay involving both positive and negative feedback regulation among the diverse signaling components responsible for regulating ATXN1 phosphorylation in the mouse cerebellum. This should be carefully evaluated when targeting kinases or phosphatases for SCA1 therapy.
Phosphorylation of ATXN1 at S239 and its Potential Role in SCA1 Pathogenesis S239 in ATXN1 is another in vivo phosphorylation site which resides within the consensus sequence motifs of ERK (PXSP), CK1 (TpXXSX), and Cdc2/Cdk5 (SPX) kinases [10, 34] . The functional significance of S239 phosphorylation is largely unknown, but a recent study suggests its potential significance in ATXN1 function and SCA1 pathogenesis [35] . Ju et al. (2013) suggest that Nemo-like kinase (NLK) is able to induce the phosphorylation of ATXN1 at S239, and that this may be important for SCA1 pathogenesis. NLK was initially discovered as an ATXN1 interactor using a yeast two-hybrid screen [36] . It is an evolutionally conserved serine/threonine protein kinase that belongs to the MAPK family [37] [38] [39] [40] . Several lines of evidence strongly demonstrate that NLK is a key protein contributing to the pathogenesis of SCA1: (1) NLK physically interacts with ATXN1 and is able to phosphorylate it at S239. (2) NLK enhances SCA1-induced neurodegenerative phenotypes in Drosophila in a kinase activity-dependent manner. (3) Decreased expression of Nlk suppresses cerebellar pathology and motor coordination deficits in SCA1 knock-in mice. Taken together, these findings clearly show that the decreased activity or expression of NLK has beneficial effects against the neurotoxicity induced by the polyglutamineexpanded ATXN1 in diverse model systems of SCA1. However, the molecular mechanism by which NLK affects SCA1 pathology remains to be determined. NLK does not seem to affect the expression levels of ATXN1 or the formation of the large toxic ATXN1 protein complexes in mice, but a cell culture study suggests that NLK may affect the transcriptional activity of the ATXN1/CIC complexes, which may partially explain the mechanistic function of NLK in SCA1 pathogenesis [35] . Interestingly, the effects of NLK on mutant ATXN1-mediated toxicity are dependent on its kinase activity. Since NLK can phosphorylate ATXN1 at S239, this suggests that S239 phosphorylation may be downstream of the NLKmediated effects on toxicity and may therefore be important for the pathogenesis of SCA1. However, it is still unknown whether reducing or inhibiting ATXN1-S239 phosphorylation can phenocopy the beneficial effects of NLK inhibition/ reduction. Furthermore, it remains unclear whether S239 is an in vivo target site of NLK in the cerebellum, or whether NLK is the only kinase responsible for S239 in ATXN1. Protein phosphatases that can dephosphorylate ATXN1-pS239 also remain to be identified. It is also worth noting that NLK may target additional sites in ATXN1, and identifying these residues would also be important for understanding SCA1 pathogenesis. Therefore, further studies are required to fully understand how S239-phosphorylation influences the function and regulation of the polyglutamine-expanded ATXN1 protein and its role in SCA1 pathology.
Ubiquitination
Ubiquitination is a posttranslational modification whereby a covalent isopeptidyl bond is formed between a lysine (K) residue on the target protein and the carboxyl terminus of the small protein ubiquitin. Polyubiquitination and the subsequent protein degradation via the ubiquitin-proteasome system (UPS) play a key role in the regulation of protein homeostasis. Since impaired protein degradation and the formation of intracellular protein aggregates are implicated in SCA1 [41] , understanding the molecular mechanisms of ATXN1 ubiquitination are critical for the development of SCA1 therapeutics. The role of the UPS in aggregation formation has been assessed by proteasome inhibitor treatments [42] . In transfected cells, polyglutamine-expanded ATXN1 localizes in the nucleus diffusely with little aggregation. Treatment with proteasome inhibitors further promotes the formation of ATXN1 aggregates, which are insoluble in detergent. This result suggests that proteasome-mediated degradation plays a crucial role in aggregation formation. Both the wild-type and polyglutamine-expanded mutant ATXN1 can be polyubiquitinated to similar degrees, but the mutant ATXN1 is somehow more resistant to proteasomal degradation. This implies that the proteasome cannot degrade the polyglutamine-expanded ATXN1 efficiently, despite normal polyubiquitination. This is consistent with in vivo aggregation in human patients and mouse models of SCA1. Nuclear aggregates found in PCs often co-localize with ubiquitin, indicating that the polyubiquitinated mutant ATXN1 is resistant to the proteasome-mediated degradation in vivo.
The ubiquitination system consists of several enzymes, including the ubiquitin-activating enzyme E1, the ubiquitinconjugating enzyme E2, and the ubiquitin-ligase E3. ATXN1 is known to interact with UBCH6, an E2 ubiquitinconjugating enzyme, which promotes polyubiquitination and the subsequent degradation of ATXN1 [43] . By contrast, depletion of UBCH6 by siRNA stabilizes ATXN1 expression. Furthermore, UBCH6 modulates the transcriptional repression activity of ATXN1 by affecting ATXN1 degradation [44] . Overexpression of UBCH6 partially inhibits the transcriptional repressor activity of ATXN1, but knockdown of UBCH6 enhances it. Moreover, UBCH6 is more efficient at modulating the transcriptional activity of the wild-type ATXN1 than that of the polyglutamine-expanded ATXN1. As aberrant transcription is implicated in the pathogenesis of SCA1 [23, [45] [46] [47] [48] [49] [50] , UBCH6-mediated changes in the transcriptional regulation function of ATXN1 may thus contribute to SCA1. Moreover, it suggests that the protein degradation pathway is tightly associated with the toxic gain-of-function of the mutant ATXN1 in transcription.
CHIP is an E3 ubiquitin ligase known to interact with the molecular chaperon Hsp70, and it links the protein folding machinery with the UPS. CHIP and Hsp70 cooperatively refold and degrade mis-folded mutant proteins [51, 52] . CHIP interacts and co-localizes with ATXN1 in nuclear inclusions in cultured cells and postmortem tissues [53] . When overexpressed with E1 and E2 enzymes, CHIP promotes the polyubiquitination and degradation of the mutant ATXN1, and thus suppresses SCA1 toxicity in Drosophila. Hsp70 is associated with CHIP and synergistically controls protein homeostasis. Hsp70 overexpression further promotes CHIPmediated ubiquitination of ATXN1 in vitro and rescues motor deficits and pathology in SCA1 transgenic mice [54] . In addition, one study found that the E3 ubiquitin ligase UBE3A is also involved in SCA1 pathogenesis [42] . In this study, the loss of Ube3a aggravated cerebellar pathology in SCA1 transgenic mice. Cerebellar pathology, such as molecular cell layer atrophy and loss of dendritic arborization and PC heterotopia, are much more prominent in SCA1 mice with a Ube3a deletion than in age-matched SCA1 mice alone. Furthermore, ubiquitin-like proteins, such as FAT10 and A1Up, are also known to bind and regulate the stability of mutant ATXN1 proteins [55, 56] , although the precise mechanisms and its relevancy to the disease are unknown. Taken together, various components of the UPS pathway are involved in the clearance of mutant ATXN1 proteins. Activation of the UPS promotes the degradation of the polyglutamine-expanded mutant ATXN1 and ameliorates SCA1 phenotypes, but its impairment worsens the SCA1 neurotoxicity (Fig. 2) .
Sumoylation
ATXN1 is known to be sumoylated [57] . Sumoylation is a posttranslational modification that covalently attaches the SU-MO (small ubiquitin-like modifier) protein to target proteins. Sumoylation is involved in many different biological processes, such as transcription, apoptosis, protein stability, nuclearcytoplasmic shuttling, DNA damage response, and cell cycle progression [58] . There are four SUMO genes in humans, SUMO-1, SUMO-2, SUMO-3, and SUMO-4. A similar enzymatic cascade as in ubiquitination is used for sumoylation. The ubiquitin-like modifier activating enzyme 2 (UBA2) and ubiquitin-conjugating enzyme 9 (UBC9) function as E1 and E2 enzymes for sumoylation, respectively. Several known E3 enzymes include PIAS (protein inhibitors of activated STATs), RANBP2 (RAN binding protein 2), and PC2 (polycomb 2). In patients with polyglutamine diseases, such as HD, DRPLA, SCA1, and SCA3, SUMO-1 was detected in affected brain regions, indicating that sumoylation is involved in these diseases [59] [60] [61] [62] .
There are seventeen consensus sumoylation sites (Ψ-K-X-D/E; Ψ is a hydrophobic residue) in ATXN1 (Fig. 1) dramatically decrease sumoylation of ATXN1, suggesting that they are primary sumoylation sites. The sumoylation of ATXN1 is closely linked to several known pathogenic factors of SCA1, such as the length of the polyglutamine tract [11] , S776 phosphorylation [9] , and the nuclear localization [7] of ATXN1. For example, the expanded polyglutamine tract decreases ATXN1 sumoylation, and K 194 is located at the start of the polyglutamine tract. In a cell culture system, overexpression of mutant ATXN1 co-localizes with SUMO-1 in the nucleus. In addition, co-overexpression of either SUMO-1 or UBC9 can promote the aggregation of mutant ATXN1 proteins [63] . Induced oxidative stress stimulates, while reduced oxidative stress decreases ATXN1 sumoylation and its aggregation. These data raise the possibility that sumoylation may contribute to SCA1 pathogenesis (Fig. 2) . Nevertheless, how sumoylation affects the function and regulation of ATNX1 and its precise role in SCA1 pathogenesis still remains to be elucidated.
Transglutamination
Lastly, another protein modification known to occur on the polyglutamine-expanded ATXN1 protein is transglutamination. Transglutamination forms a covalent bond between a free amine group and the acyl group at the end of the side chain of glutamine, thereby cross-linking proteins [64] . Thus, peptides with glutamine repeats can be substrates for the enzyme transglutaminase [65] [66] [67] . Consistent with this, transglutamination is suggested to play a role in polyglutamine diseases [68] . Elevated transglutaminase activity was observed in HD patient brains in vivo [69, 70] , and transglutaminase-mediated isopeptide bonds were detected in SBMA transgenic mice [71] . Furthermore, transglutamination promotes the aggregation of the polyglutamine-expanded mutant proteins [72] , and the crosslinked mutant proteins impair the function of the proteasome by obstructing the proteasome pore [71] . These studies strongly suggest that transglutamination may be an important event in protein aggregation formation and the pathogenesis of polyglutamine diseases. Tissue transglutaminase 2 (TG2) catalyzes the transglutamination reaction in a calcium-dependent manner, and is highly expressed in PCs of the cerebellum [73] . Interestingly, ATXN1 was reported as a substrate of TG2, and elevated nuclear TG2 expression was found in the cerebellar PCs of SCA1 mice [74, 75] . Thus, transglutamination is likely to be involved in the process of mutant ATXN1 aggregate formation (Fig. 2) , similar to what was seen in HD and SBMA. Further studies are required to evaluate the relevance of this modification to SCA1 pathogenesis.
Conclusions
The expression and altered activity of the polyglutamineexpanded mutant ATXN1 protein are the major determinants of SCA1 neurotoxicity. Posttranslational modifications are able to modulate the stability and activity of the mutant ATXN1 protein (Fig. 2) . For example, phosphorylation stabilizes ATXN1 levels and regulates its target gene expression by modulating the formation of native protein complexes. Ubiquitination directs the degradation of the mutant ATXN1 protein, and sumoylation may modulate the aggregation and/ or transcriptional activity of ATXN1. Numerous molecules, including kinases, phosphatases, ubiquitin ligases, chaperones, and transcription and splicing factors are involved in diverse aspects of the posttranslational modifications that target ATXN1. The comprehensive understanding of the role of posttranslational modifications in ATXN1 biology will not only fundamentally advance our understanding of the function of this protein and the pathogenesis of SCA1 but also provide a new target for the development of effective therapeutics.
